Wingless-related MMTV integration site 1 (WNT1)/␤-catenin signaling plays a crucial role in the generation
Introduction
Dopamine (DA)-synthesizing neurons located in the mammalian ventral midbrain (VM) play crucial roles in the control and modulation of motor, motivational/rewarding, and cognitive behaviors (Schultz, 2007) . They comprise two major subpopulations: (1) a rostrolateral bilateral cluster, the substantia nigra pars compacta (SNc); and (2) a caudomedial cluster, the ventral tegmental area (VTA) (Björklund and Dunnett, 2007) . The SNc DA neurons project predominantly to the dorsolateral striatum, in which they control the execution of voluntary movements (Björklund and Dunnett, 2007; Schultz, 2007) . The preferential degeneration of these neurons is a hallmark of Parkinson's disease (PD; Dauer and Przedborski, 2003) . The need of better therapies for this disease has fueled basic research to understand the precise molecular mechanisms underlying the generation and survival of SNc DA neurons .
During mouse development, the progenitors of these "mesodiencephalic" dopaminergic (mdDA) neurons arise from the ventral midline, the floor plate (FP), of the midbrain and caudal diencephalon under the influence of the Sonic hedgehog (SHH), Wingless-related MMTV integration site 1 (WNT1), and fibroblast growth factor 8 (FGF8) signaling pathways (Ono et al., 2007; Bonilla et al., 2008; Joksimovic et al., 2009; Blaess et al., 2011 ; for review, see Hegarty et al., 2013) . SHH is necessary for the establishment of the mesencephalic FP and basal plate (BP) progenitor domains between embryonic day 8.5 (E8.5) and E9.5 (Blaess et al., 2006; Perez-Balaguer et al., 2009 ), but its expression has to be repressed by WNT/␤-catenin signaling to convey mdDA neurogenic potential to the midbrain FP cells at approximately E11.5 (Joksimovic et al., 2009) . The in vivo generation of mdDA neurons depends crucially on WNT1 and its downstream (␤-catenin-mediated) signaling pathway Tang et al., 2009) , although increasing evidence indicates that WNT1/ ␤-catenin signaling must be tightly regulated to ensure proper mdDA neuron differentiation (Joksimovic et al., 2009; Tang et al., 2010; Andersson et al., 2013) . The secreted Dickkopf (DKK1-DKK4) glycoproteins are one class of WNT/␤-catenin signaling modulators . DKK1/2/4 antagonize WNT/␤-catenin signaling by binding to low-density lipoprotein receptorrelated protein (LRP) and Kremen coreceptors and inducing their internalization, thereby inhibiting the formation of an active WNT/Frizzled receptor (FZD)/LRP coreceptor complex on the cell surface . The function of the more distantly related DKK3 remains unresolved Veeck and Dahl, 2012 ): DKK3 does not bind to LRP6 and can act as both a repressor and activator of WNT/␤-catenin signaling (Nakamura et al., 2007; Nakamura and Hackam, 2010; Das et al., 2013; Xiang et al., 2013) . The importance of the WNT1/␤-catenin signaling pathway in this context has also been recognized in recent years for the derivation of mdDA neurons from in vitro cultured murine and human pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and induced PSCs (iPSCs). Exposure of differentiating ESCs and iPSCs to WNT1 or a glycogen synthase kinase 3 ␤ (GSK3b) inhibitor is now incorporated routinely in established mdDA differentiation protocols for human PSCs, which can be used for PD modeling, drug screening, and cellreplacement therapies (Yu et al., 2013 ; for review, see Li et al., 2013; Tabar and Studer, 2014) .
We show here that Dkk3 is necessary for the correct differentiation of an mdDA precursor subset into rostrolateral (dorsomedial SNc and dorsolateral VTA) mdDA neurons in the mouse embryo. DKK3 appears to activate and/or maintain the expression of LIM homeobox transcription factor 1␣ (LMX1A) and paired-like homeodomain transcription factor 3 (PITX3) in these cells, two homeodomain (HD) transcription factors (TFs) required for the proper generation and survival of mdDA and in particular SNc DA neurons (for review, see Hegarty et al., 2013) . We also show that the treatment of differentiating murine PSCs with DKK3 and WNT1 proteins promotes the generation of mdDA neurons with molecular SNc DA cell characteristics in vitro, suggesting that DKK3 might be an additional candidate for the improvement of cell differentiation strategies in the treatment of PD.
Materials and Methods

Mice. Generation and genotyping of Dkk3
Ϫ/Ϫ mice was described previously (del Barco-Barrantes et al., 2006) . Generation of Pitx3 GFP/ϩ mice was described by Zhao et al. (2004) ; these mice were PCR genotyped using the green fluorescent protein (GFP) and Pitx3 primer pairs listed in Table 1 . Dkk3 ϩ/ϩ , Dkk3 ϩ/Ϫ , and Dkk3 Ϫ/Ϫ mice were kept as brothersister matings on a mixed (129X1/SvJ ϫ C57BL/6) genetic background.
Pitx3
GFP/ϩ embryos were derived from Pitx3 GFP/GFP (on a mixed 129P2/ OlaHsd ϫ C57BL/6 background) ϫ C57BL/6 intercrosses. CD-1 and C57BL/6 mice were provided by the Transgenic Unit, Helmholtz Center Munich. Pregnant dams were killed by CO 2 asphyxiation or cervical dislocation. Collection of embryonic stages was done from timedpregnant females; noon of the day of vaginal plug detection was designated as E0.5. Detection of the Y chromosome-specific Sry gene by 5-Ethynyl-2Ј-deoxyuridine treatments. Embryos were dissected 1 h after intraperitoneal injection of 10 g of 5-ethynyl-2Ј-deoxyuridine (EdU; Life Technologies) per gram body weight into pregnant dams on E11.5. Treated embryos were processed for EdU immunohistochemistry (IHC) as described previously (Castelo-Branco et al., 2010) , and incorporated EdU was detected using the Click-iT EdU Alexa Fluor 488 imaging kit (Life Technologies) according to the instructions of the manufacturer.
Radioactive in situ hybridization. Serial paraffin sections (8 m) were hybridized with radioactive ([␣-
35 S]UTP) riboprobes as described previously (Brodski et al., 2003) . Riboprobes used were Dkk1, Dkk2, and Dkk3 (Monaghan et al., 1999) , tyrosine hydroxylase (Th) and Pitx3 (Brodski et al., 2003) , Wnt1 and Lmx1b (Stuebner et al., 2010) , Fgf8, Engrailed 1 (En1), Shh, Neurog1 (Ngn1), and Neurog2 (Ngn2) (CasteloBranco et al., 2010) . Images were taken with an Axioplan2 microscope or StemiSV6 stereomicroscope using bright-field and dark-field optics, AxioCam MRc camera and Axiovision 4.6 software (Zeiss), and processed with Adobe Photoshop CS3 software (Adobe Systems). Dark-field images were pseudocolored in some cases as indicated in the figure legends.
Immunohistochemistry/immunocytochemistry. IHC on 8 m paraffin sections and immunocytochemistry (ICC) on cultured cells were performed as reported previously (Puelles et al., 2004; . Monoclonal antibodies used were mouse anti-TH (1:600; Millipore MAB318), anti-EN1 (1:100; Developmental Studies Hybridoma Bank 4G11), and rat anti-dopamine transporter (DAT, also known as SLC6A3; 1:500; Millipore MAB369). Polyclonal antisera used were rabbit anti-TH (1:150; Millipore AB152; 1:1000; Pel_Freeze P40101), anti-PITX3 (1:300; Life Technologies 38-2850), anti-LMX1A (1:1000; Millipore ab10533), anti-phosphorylated Histone H3 (pH3) (1:500; Millipore 06-570), anticleaved (activated) Caspase 3 (cCASP3; 1:100; Cell Signaling Technology 9664), anti-nuclear receptor subfamily 4, group A, member 2 (NURR1, also known as NR4A2; 1:2000; Santa Cruz Biotechnology sc-990), anticalbindin 1 [CALB1; 1:400 (embryos) and 1:5000 (cell cultures); Swant CB38a], anti-potassium voltage-gated channel, ShaI-related family, member 3 (KCND3, also known as Kv4.3; 1:2000; Alomone Labs APC-017), and antipotassium inwardly rectifying channel, subfamily J, member 6 (KCNJ6, also known as GIRK2; 1:2000; Alomone Labs APC-006). The guinea pig anti-LMX1B antibody (1:20,000) was a gift from Prof. C. Birchmeier-Kohler and Dr. T. Müller (Max Delbrück Center, Berlin, Germany). Secondary antibodies were either fluorescently labeled (Alexa Fluor 488/594; 1:500; Life Technologies) or coupled to biotin/streptavidin-horseradish peroxidase or alkaline phosphatase (AP; Jackson ImmunoResearch) and detected using the VECTASTAIN ABC or VECTOR Red AP Substrate kits (Vector Laboratories). Cells were counterstained with 4Ј,6-diamidino-2-phenylindole (DAPI). Fluorescent images were taken with an Axiovert 200M microscope and AxioCam HRc camera (Zeiss), a Keyence BZ-9000 microscope, or an Olympus IX81 confocal laser scanning microscope and processed with Adobe Photoshop CS3 or CS5 software. For the simultaneous detection of TH protein and Dkk3 mRNA on embryonic tissue sections, the Dkk3 in situ hybridization (ISH) was preceded by a TH IHC as described above, leaving out all extensive ethanol washes.
Primary VM cultures and DKK3/EdU treatments. Primary VM cultures were prepared from E11.5 Dkk3 ϩ/ϩ (WT) and Dkk3 Ϫ/Ϫ mouse embryos as described by Pruszak et al. (2009) with minor modifications. Briefly, VM tissues were trypsinized for 5 min at 37°C, and 1.5-2 ϫ 10 5 cells per well were plated in a 24-well plate on poly-D-lysine (Sigma)-coated coverslips in DMEM/F-12 medium supplemented with 10% fetal calf serum (FCS), glutamine, and penicillin/streptomycin (Life Technologies). At 24 h after plating, cells were incubated in expansion medium for 1 d and then switched to differentiation medium (Pruszak et al., 2009) for the remaining culture time. Concomitant with the change to differentiation medium after 2 d in vitro (2 DIV), primary VM cells were treated with 100 ng/well recombinant human DKK3 protein [R&D Systems; 100 ng/l DKK3 in 0.1% bovine serum albumin (BSA; Sigma)] or 1 g/ well BSA (control; 1 g/l) for the indicated time. DKK3 or BSA was added with each medium change every fourth day. In some cases, cells were incubated with 10 M EdU for 1 h before fixation. Cells were harvested for ICC or RNA isolation after 4 d (6 DIV) or 7 d (9 DIV) of treatments.
ESC/iPSC culture and differentiation into mdDA neurons. Generation, characterization, and culture of Pitx3 GFP/ϩ iPSC tf s (line FM77A3) were described previously (Pertek et al., 2014) . Pitx3 GFP/ϩ iPSC tf s were cultured on mitomycin-C treated mouse embryonic fibroblasts (MEFs) in ESC medium before initiating their differentiation into mdDA neurons using a monolayer differentiation protocol that was adapted from published procedures for mouse and human PSCs (Chambers et al., 2009; Jaeger et al., 2011; Kriks et al., 2011) . On day 0 of the differentiation procedure, cells were trypsinized, and 1.4 ϫ 10 4 cells/cm 2 were transferred to tissue culture dishes in serum replacement medium (SRM; DMEM/F-12 GlutaMAX, 10% KnockOut Serum Replacement, and 0.1 mM ␤-mercaptoethanol; Life Technologies) containing 10 M Rhodependent protein kinase inhibitor Y-27632 (4-[(1R)-1-aminoethyl]-Npyridin-4-yl-cyclohexane-1-carboxamide) (Calbiochem). After incubation for 50 min at 37°C, the cell supernatant was plated at a density of 1.4 ϫ 10 4 cells/cm 2 on poly-DL-ornithine-coated (0.1 mg/ml in 300 mM borate buffer, pH 8.3; Sigma) and laminin-coated (125 g/ml in PBS; Roche) coverslips in SRM containing 10 M transforming growth factor ␤ (TGF␤) type I receptor [activin receptor-like kinase (
benzamide] (SB; in DMSO; Tocris Bioscience) and 100 nM bone morphogenetic protein type I receptor (ALK1/2/3/6) inhibitor LDN193189 [4-(6-(4-(piperazin-1-yl)phenyl)pyrazolo[1,5-a]pyrimidin-3-yl)quinoline] (LDN; in DMSO; Axon Medchem) to suppress alternative mesodermal, endodermal, and epidermal cell fates. On day 1, the medium was changed to 50% SRM/50% N2 medium [DMEM/F-12 GlutaMAX, 1ϫ N2 supplement (Life Technologies) and 200 M ascorbic acid (Sigma)] containing 10 M SB, 100 nM LDN, and 1 M mitogenactivated protein kinase kinase inhibitor PD0325901 [( R)-N-(2,3-dihydroxypropoxy) -3,4-difluoro-2-((2-fluoro-4-iodophenyl)amino) benzamide] (in DMSO; Stemgent) to promote the VM neural fate. On day 3, differentiation of the Pitx3 GFP/ϩ iPSC tf s into mdDA neurons was initiated by treating the cells for 4 d with N2 medium containing 200 M ascorbic acid, 10 M SB, 100 nM LDN, and 100 ng/ml recombinant mouse FGF8b (R&D Systems) either alone or together with 3 M GSK3b inhibitor CHIR99021 [6-((2-((4-(2,4-dichlorophenyl)-5-(5-methyl-1H-imidazol-2-yl)-2 pyrimidinyl)amino)ethyl)amino)-3-pyridinecarbonitrile] (CHIR99; in DMSO; Stemgent), 100 ng/ml recombinant human DKK3 (R&D Systems), and/or 100 ng/ml recombinant human WNT1 (Peprotech), as indicated. On day 5, the medium was changed to N2B27 medium (50% N2, 50% 1ϫ B27 supplement in Neurobasal medium, 2 mM L-glutamine, and 200 M ascorbic acid; Life Technologies) containing 100 nM LDN and 100 ng/ml FGF8b either alone or together with 3 M CHIR99, 100 ng/ml DKK3, and/or 100 ng/ml WNT1, as indicated. On day 7, the medium was replaced with B27 medium containing 200 M ascorbic acid, 100 nM LDN and 3 M CHIR99, 100 ng/ml DKK3, and/or 100 ng/ml WNT1, as indicated. The LDN inhibitor was omitted from day 9 onward. Omission of the WNT/␤-catenin signaling factors (CHIR99, DKK3, and/or WNT1) was used as a control. Addition of 20 ng/ml recombinant human brain-derived neurotrophic factor (BDNF; R&D Systems) to B27 medium containing 200 M ascorbic acid from day 11 promoted the maturation and survival of the generated Pitx3 ϩ double-labeled cells were counted on confocal images using Olympus Fluoview version 2.0b software. The numbers (n) of independent experiments evaluated in each case are indicated in the figure legends.
Semiquantitative and quantitative RT-PCR. Total RNA was isolated from primary VM cells using TRIzol Reagent (Life Technologies) or RNeasy Mini kit (Qiagen) including a DNase I treatment. One microgram of total RNA was reverse transcribed using the iScript cDNA Synthesis kit [Bio-Rad; for semiquantitative (semi-q) PCR] or QuantiTect Reverse Transcription kit [Qiagen; for quantitative (q) PCR] according to the instructions of the manufacturer. One microliter (semi-qPCR) or 1 l of a 1:3 diluted (qPCR) cDNA were amplified by PCR using the intron-spanning primers and conditions listed in Table 1 . For semiqPCR, 5 l samples were taken from the PCR reactions after 22, 25, 28, 31, and 34 cycles and separated on a 2% agarose gel. Densitometric analysis of the gel pictures was done using NIH ImageJ software. The qPCR (20 l reactions in a 384-well plate) was performed using SYBR green PCR Master Mix and the 7900HT Fast Real-Time PCR System (Applied Biosystems) according to the instructions of the manufacturer. For semi-qPCR and qPCR, signals from specific Lmx1a and Lmx1b PCR products were normalized against glyceraldehyde-3-phosphate dehydrogenase (Gapdh), and relative values were calculated by setting the normalized value of controls as 1. For qPCR, the threshold cycle (Ct) value was recorded for Lmx1b and Gapdh, and the relative Ct value was calculated for each reaction. All assays included negative controls, and samples were from three independent experiments.
Fluorescence-activated cell sorting and global transcriptome analysis. Single-cell suspensions from microdissected VM tissues of E13.5 and E14.5 Pitx3 GFP/ϩ embryos (one biological sample each) were prepared as described previously (Zhao et al., 2004) . Differentiated Pitx3 GFP/ϩ iPSC tf s (days 19 -23 of the monolayer protocol; five biological replicates/ independent experiments) were trypsinized, filtered through a 70 m cell strainer, pelleted, and resuspended in ice-cold PBS. Fluorescenceactivated cell sorting (FACS) of GFP ϩ cells was performed with a FACSAria III (BD Biosciences) device essentially as described previously Pertek et al., 2014) . Sorted cells were collected directly in RLT buffer, and total RNA was purified with the RNeasy Micro kit (Qiagen), including a DNase I treatment and following the instructions of the manufacturer. The quality of the purified total RNA was assessed with the RNA 6000 Pico kit and 2100 Bioanalyzer (Agilent). Total RNA (ϳ1 ng) was amplified using the Ovation PicoSL WTA System V2 in combination with the Encore Biotin Module (Nugen). Amplified cDNAs were hybridized on Affymetrix Mouse Gene 1.0 ST arrays containing ϳ28,000 probe sets. Staining and scanning was done according to the Affymetrix expression protocol including minor modifications as suggested in the Encore Biotin protocol. Expression console (version 1.2; Affymetrix) was used for quality control and to obtain annotated normalized robust multi-array average gene-level data (standard settings including median polish and sketch-quantile normalization). Statistical analyses were performed with R software (http://www.R-project.org) implemented in CARMAweb (Rainer et al., 2006) . Gene-wise testing for differential expression was done using the limma paired t test and Benjamini-Hochberg multiple testing correction (false discovery rate Ͻ10%). The set of 460 probe sets was defined by p Ͻ 0.05 ( p value of the limma t test), ratios Ͼ1.2-fold up or down, and an average expression level Ͼ50. Heat maps were generated with CARMAweb and cluster dendrograms with the R script hclust. Gene Ontology (GO) term enrichment analyses ( p Ͻ 0.01) were done with GePS software (Genomatix). Array data have been submitted to GEO (accession number GSE58813).
Statistical analyses. All values are mean Ϯ SEM unless indicated otherwise. Cell numbers were averaged for each genotype, stage, sex, region, and/or treatment and subjected to tests for the estimation of statistical significance relative to the control. For comparison of two groups, the Welsh t test for unequal variances was applied. The effect of experimental factors with more than two levels and the effect of two or more experimental factors were analyzed with one-way, two-way, or three-way ANOVA, depending on the number of factors. In the case of two or more factors, the analysis started with an ANOVA with the highest possible interaction effect and excluded stepwise nonsignificant interactions to identify the simplest model. For factors involved in a significant interaction effect, subgroups were analyzed separately. Post hoc t tests were performed with p value adjustment according to Holm (1979) . For cell countings with several sections per embryo and for semi-qPCR and qPCR, ANOVA for repeated measurements was applied. For all calculations, the R software with the nlme package was used.
Results
Dkk3 expression in the murine VM coincides with the initiation of mdDA neuron differentiation and persists in adulthood To establish a potential role of DKK3 in murine mdDA neuron development, we first determined the spatiotemporal pattern of Dkk3 expression in the developing mouse VM in relation to two other Dkk family members, Dkk1 and Dkk2, and two markers for differentiating mdDA neurons, the mdDA-specific HD TF Pitx3 and Th, the rate-limiting enzyme for DA biosynthesis . The strong expression of Dkk1 and Dkk2 in the midbrain FP at E10.5 (Fig. 1A-C ) declined at E11.5 (Monaghan et al., 1999; and became undetectable at E12.5 ( Fig. 1E-G) . In contrast, a weak Dkk3 signal was first detected at E11.5 in the medial FP of the rostral midbrain ( Fig. 1 D, DЈ,H ). This Dkk3 ϩ domain extended into the lateral FP and the BP in the caudal midbrain (Fig. 1HЈ) and overlapped with the Th ϩ domain along the anterior-posterior axis of the VM (Fig. 1I-Iٞ) . At E12.5, Dkk3 expression in the VM was confined to the midbrain FP, in which it was transcribed in the Pitx3 Ϫ ventricular and subventricular zone (VZ/SVZ) and in a mantle zone (MZ) domain overlapping with Pitx3 ϩ mdDA precursors and neurons (Fig. 1J ) . At E14.5, Dkk3 was expressed in a very narrow FP domain from which Pitx3 ϩ mdDA precursors/neurons emerged (Fig. 1L) . A weak expression of Dkk3 became evident within a lateral Th ϩ domain at E15.5 (Fig. 1K-Kٞ) . At E18.5 and in the adult mouse brain, Dkk3 transcription was detected in a rostrolateral Th ϩ and Pitx3 ϩ mdDA domain comprising the parabrachial pigmented nucleus (PBP), part of the medial and dorsal SNc, and the paranigral nucleus, but the majority of the Dkk3 ϩ cells were located outside of this mdDA domain (Fig. 1M-Rٞ) . Of note, highermagnification views revealed that some TH ϩ and Pitx3 ϩ cells coexpressed Dkk3 in these regions (Fig. 1N -Q, inset in NЉ). We concluded that Dkk3 was expressed initially (at E11.5-E15.5) in mdDA progenitors and precursors located in the VZ/SVZ and MZ of the midbrain FP and later (after E15.5 into adulthood) in an mdDA neuronal subset comprising mostly the PBP, part of the dorsomedial SNc, and the paranigral nucleus.
Defective differentiation of rostrolateral mdDA neurons in
Dkk3
Ϫ/Ϫ mice The peculiar Dkk3 expression pattern in the murine VM suggested a potential function of DKK3 in mdDA neuron development and/or survival in vivo. The transcription of genes required ϩ domain in the E15.5 rostrolateral VM, and white arrows in N؆ point to TH ϩ cells that coexpress Dkk3. Inset in N؆ is a higher magnification of the framed cell. Cb, Cerebellum; CLi, caudal linear nucleus; Cx, cortex; Di, diencephalon; DR, dorsal raphe nucleus; IF, interfascicular nucleus; Mes, mesencephalon; Met, metencephalon; Ob, olfactory bulb; PN, paranigral nucleus; RLi, rostral linear nucleus; RrF, retrorubral field; SNcd, Substantia nigra pars compacta dorsalis; T, tectum; Tg, tegmentum; Tel, telencephalon; III, third ventricle.
for proper patterning of the midbrain/hindbrain region and neurogenesis in this region, such as Dkk1/2, Fgf8, En1, Shh, Wnt1, Ngn1, Ngn2, and Lmx1b (Wurst and Bally-Cuif, 2001; Hegarty et al., 2013) , was unaffected in the Dkk3 Ϫ/Ϫ embryos (data not shown), and we thus examined whether the generation of mdDA neurons was altered in the absence of Dkk3. Because Dkk3 Ϫ/Ϫ mice exhibit a sex-related behavioral phenotype (del BarcoBarrantes et al., 2006), we also determined the sex of the corresponding embryos. The total number of TH ϩ neurons in the Dkk3 Ϫ/Ϫ VM was comparable with the WT VM at E12.5 and E14.5, but a significant and sex-independent reduction was detected in the rostrolateral (PBP and dorsomedial SNc) domain of the Dkk3 Ϫ/Ϫ embryos at E18.5 (20 -25% less TH ϩ neurons) and in adult Dkk3 Ϫ/Ϫ mice (7-20% less TH ϩ neurons) ( Fig. 2A-I ) . Notably, the total number of PITX3 ϩ cells was already reduced significantly and sex independently by 18 -21% in the Dkk3 Ϫ/Ϫ embryos at E12.5 and by 14 -23% in the rostrolateral (PBP and dorsomedial SNc) region of the mutant VM at E14.5 and E18.5 ( Fig. 2J-P) . In contrast to the rostrolateral (PBP and dorsomedial SNc) domain, the caudomedial (VTA) region was not affected in the Dkk3 Ϫ/Ϫ embryos and mice ( Fig. 2A-P) . To assess this aberrant differentiation and loss of an mdDA neuron subset in more detail, we first determined the numbers of proliferating LMX1A ϩ /EdU ϩ mdDA progenitors, postmitotic LMX1A ϩ / EdU Ϫ mdDA precursors, and mitotic pH3 ϩ VM neural progenitors in the Dkk3 Ϫ/Ϫ VM. Because these numbers were not altered in the mutant VM (Fig. 3A-C and data not shown), we next determined the numbers of TH or PITX3 single-and doublepositive cells at different developmental stages in the Dkk3 Ϫ/Ϫ and WT embryos. TH ϩ /PITX3 Ϫ single-positive cells were increased significantly by ϳ2-fold (at E12.5) to 2.8-fold (at E14.5) at the expense of TH ϩ /PITX3 ϩ double-positive cells, which were decreased by 22% (at E12.5) to 26% (at E14.5) in the mutant VM (Fig. 3D-GЈ, J, K ) . Although the numbers of TH Ϫ / PITX3 ϩ single-positive cells were not altered at E12.5, they were significantly decreased by 39% in the rostrolateral region of the Dkk3 Ϫ/Ϫ VM at E14.5 (Fig. 3D -GЈ, J, K ). These results might account for the initial observation of decreased PITX3 ϩ but normal TH ϩ cell numbers in the mutant VM at E12.5 and E14.5 (Fig.  2) . However, the total number of TH ϩ cells was reduced in the mutant rostrolateral (PBP and dorsomedial SNc) domain at E18.5 (Fig. 2) and consistent with this finding, TH ϩ /PITX3 Ϫ , TH Ϫ /PITX3 ϩ , and TH ϩ /PITX3 ϩ single-and double-positive cells were decreased by 38, 50, and 21%, respectively, in the rostrolateral (PBP and dorsomedial SNc) mdDA domain of the E18.5 Dkk3 Ϫ/Ϫ embryos (Fig. 3H-IЈ, L) . The lack of these cells was most notable in the mutant PBP and dorsal tier of the SNc at this stage (Fig. 3H-IЈ) . Because the loss of an mdDA neuron 
subset in the Dkk3
Ϫ/Ϫ mice might also be attributable to a reduced survival of the corresponding cells, we determined the numbers of TH ϩ /cCASP3 ϩ apoptotic mdDA neurons and TH Ϫ / cCASP3 ϩ VM cells in the WT and Dkk3 mutant VM at E18.5. (Fig. 4E) , thus reflecting similar changes in the mutant VM at E12.5 (Fig. 3J ) . However, seven days of DKK3 treatment (i.e., after 9 DIV) led to a significant and almost twofold increase (relative to the BSA-treated cells) of TH ϩ / PITX3 ϩ double-positive cells in the WT cultures, whereas TH ϩ /PITX3 Ϫ or TH Ϫ / PITX3 ϩ single-positive cell numbers were not altered in these cultures (Fig. 4 A, B,E) . The DKK3 treatment also rescued the numbers of TH/PITX3 single-and double-positive cells in the Dkk3
cultures to approximately the same numbers as in control (BSA)-treated WT cultures after 9 DIV (Fig. 4 A, C-E) . At this time point (9 DIV), BSA treatment of the Dkk3 Ϫ/Ϫ cultures resulted in a significant reduction of TH/PITX3 single-positive (by 50 -56%) and double-positive (by 74%) cells (Fig.  4 A, C,E) , thus reflecting similar changes in the mutant VM at E18.5 (Fig. 3L) . These results indicated that exogenous DKK3 protein promoted the differentiation of an mdDA precursor subset into TH (A, B) , E12.5 (D, E), E14.5 (F, G), and E18.5 (H, I ), immunostained for LMX1A (red) and EdU (green) (A, B) , or PITX3 (red) and TH (green) (D-I ). Broken white lines in A and B outline the neuroepithelium and in F and G indicate the midline. F, G, H, and I are higher magnifications of the boxed areas in F, G, H, and I, respectively. White arrows in E, F, and G point to TH 
The treatment of WT and Dkk3
Ϫ/Ϫ primary VM cultures with DKK3 protein did not change the numbers of proliferating EdU ϩ (S-phase) and pH3 ϩ (M-phase) cells after 4 d (6 DIV) or 7 d (9 DIV; Fig. 4F-J ) , indicating that DKK3 did not alter the proliferation of VM progenitors in vitro. However, the significant approximately fourfold increase of apoptotic (cCASP3 ϩ ) cells in the BSA-treated Dkk3 Ϫ/Ϫ cultures after 9 DIV was reduced by DKK3 treatment of these cultures to approximately one-third (ϳ38%) (Fig. 4K-O) . Nevertheless, the numbers of apoptotic cells still remained significantly increased (ϳ1.8-fold) in the mutant cultures relative to the DKK3-treated WT cultures (Fig. 4K-O) . This suggested that exogenous DKK3 protein might promote to a certain extent the survival of Dkk3-deficient VM cells in vitro.
DKK3 regulates the expression of LMX1A in mdDA precursors and neurons in vivo and in vitro
Our data so far indicated that DKK3 was required for the sustained expression of PITX3 in a developing mdDA neuronal subset. Dkk3 transcription initiates in the mouse VM at approximately the same time (E11.5) when Pitx3 starts to be expressed in postmitotic mdDA precursors and neurons ( Fig. 1 ; Smidt and Burbach (2007)), and the two expression domains partly overlap in the developing mouse VM at this early developmental stage (Fig. 1J ) . However, previous data suggested that Pitx3 is an indirect target gene of WNT1/␤-catenin signaling in the embryonic mouse VM, which is bound and activated by the direct WNT1/ ␤-catenin target and HD TF LMX1A (Chung et al., 2009 ). The numbers of TH Ϫ /LMX1A ϩ single-and TH ϩ /LMX1A ϩ doublepositive cells were indeed decreased significantly by 40 and 12.5%, respectively, in the rostrolateral but not caudomedial region of the Dkk3 Ϫ/Ϫ VM at E14.5 ( Fig. 5A-C) . In contrast, the numbers of TH ϩ /LMX1A Ϫ single-positive cells were increased by ϳ2.6-fold in the rostrolateral mdDA domain of the mutants at this stage (Fig. 5A-C) . These changes corresponded well with a similar decrease of TH Ϫ /PITX3 ϩ (by 39%) and increase of TH ϩ / PITX3 Ϫ (by ϳ2.8-fold) single-positive cells in the mutant VM at this stage (Fig. 3K ) . Conversely, DKK3 treatment of primary VM cells for 7 d (9 DIV) increased the transcription of Lmx1a by ϳ1.5-fold in the WT cultures and rescued the decreased expression of Lmx1a (ϳ33% reduction) in control (BSA)-treated Dkk3 Ϫ/Ϫ cultures to levels similar to those of their BSA-treated WT counterparts (Fig. 5D ). LMX1B is another LMX1 TF that also binds to the Pitx3 promoter and compensates partially for the loss of Lmx1a (Chung et al., 2009; Deng et al., 2011; Yan et al., 2011) . In contrast to PITX3 and LMX1A, we did not detect any obvious changes of LMX1B expression in the Dkk3 Ϫ/Ϫ VM at E12.5, except for an apparently slight reduction of TH ϩ /LMX1B ϩ double-positive cells at this stage (Fig. 5E-J ) . In line with this finding, the treatment of primary VM cells with DKK3 protein for 7 d (9 DIV) did not affect the endogenous expression of Lmx1b in the mutant and WT cells (Fig. 5K ) . The selective failure of an mdDA precursor subset to differentiate into TH-, LMX1A-, and PITX3- expressing rostrolateral (PBP and dorsomedial SNc) mdDA neurons, and the later loss of these neurons, was therefore most likely attributable to the failure to sequentially activate and/or maintain the transcription of Lmx1a and Pitx3 in these cells in the absence of Dkk3.
Combined DKK3/WNT1 treatment generates the highest proportion of TH
؉ /PITX3 ؉ mdDA neurons from differentiating murine PSCs The previous results prompted us to investigate whether the treatment of PSCs (mouse ESCs and iPSCs) with DKK3 protein Ϫ/Ϫ embryos at E14.5 (n ϭ 4 embryos/genotype). D, Relative Lmx1a mRNA levels (semi-qPCR) in Dkk3 ϩ/ϩ (WT) and Dkk3 Ϫ/Ϫ primary VM cells treated for 7 d (9 DIV) with BSA (ϩBSA) or DKK3 (ϩDKK3) protein (n ϭ 3 experiments/genotype/treatment). E-J, Representative close-up views of the VM on coronal sections (dorsal top) from WT (E, G, I ) and Dkk3 Ϫ/Ϫ (F, H, J ) embryos at E12.5, immunostained for LMX1B (red) and TH (green). Sections are from anterior (E, F ), intermediate (G, H ), and posterior (I, J ) levels of the VM. K, Relative Lmx1b mRNA levels (qPCR) in WT and Dkk3 Ϫ/Ϫ primary VM cells treated for 7 d (9 DIV) with BSA or DKK3 protein [fold-change relative to the untreated WT control (wt ϩ BSA) set as 1, light blue line; n ϭ 3 experiments/genotype/treatment]. Error bars in K represent 95% confidence intervals; **p Ͻ 0.01; ***p Ͻ 0.001; ns, not significant in the unpaired t test (genotypes)/paired t test (treatments). cm, Caudomedial mdDA domain; rl, rostrolateral mdDA domain. might enhance their differentiation into TH ϩ and PITX3
ϩ mdDA neurons. We tested the function of DKK3 in the absence and presence of WNT1, because the WNT1 ligand might be necessary for the action of DKK3 in these cultures and/or because both soluble factors might act synergistically during PSC differentiation. The high variability of differentiation outcomes using the published embryoid body-based "five-stage" protocol (Lee et al., 2000) for the differentiation of mouse ESCs into mdDA neurons (data not shown) motivated us to develop an adherent monolayer differentiation protocol that was adapted from established procedures for the neural and mdDA differentiation of mouse and human PSCs (Chambers et al., 2009; Jaeger et al., 2011; Kriks et al., 2011) . For this purpose, we also generated a transgene-free (tf) and "mdDA-reporter" iPSC line (Pitx3 ϩ double-positive cells among the generated TH ϩ neurons ( Fig. 6A-J ) . This effect was reproduced independently with another murine PSC line [NesE-eGFP mouse ESCs (Friling et al., 2009); data not shown] and corresponded to similar changes observed after DKK3 treatment of primary VM cells (Fig. 4) . Remarkably, the treatment of differentiating Pitx3 GFP/ϩ iPSC tf s with the potent GSK3b inhibitor and WNT/␤-catenin signaling activator CHIR99 (Kriks et al., 2011) reduced significantly the numbers of TH ϩ /PITX3 ϩ double-positive cell clusters and had no significant effect on double-positive cell densities in these clusters (Fig. 6 D, H,I ). The TH ϩ mdDA neurons generated after combined DKK3 ϩ WNT1 treatment of differentiating Pitx3 GFP/ϩ iPSC tf s also expressed other markers typical for these cells, such as the HD TF EN1 and NURR1 (Fig. 6 K, L) . The densities of TH ϩ /NR4A2 ϩ double-positive cells showed a similar tendency to be increased at the expense of TH ϩ /NR4A2 Ϫ singlepositive cells after combined DKK3 ϩ WNT1 treatment of differentiating Pitx3 GFP/ϩ iPSC tf s, and the proportion of TH ϩ / NR4A2 ϩ double-positive cells among all TH ϩ neurons was also significantly increased to ϳ87% under these conditions (Fig.  6 M, N ) . Because the combined DKK3 ϩ WNT1 treatment generated the highest proportions of PITX3 ϩ /TH ϩ and NR4A2 ϩ / TH ϩ double-positive cells compared with all other conditions tested (Fig. 6 J, N ) , we concluded that DKK3 together with WNT1 indeed promoted the differentiation of murine PSCs into TH ϩ , PITX3
ϩ , and NR4A2 ϩ mdDA neurons.
Global gene expression changes in DKK3/WNT1-treated versus untreated iPSC-derived Pitx3 GFP/؉ mdDA neurons To assess the global effects of the combined DKK3 ϩ WNT1 treatment on the transcriptome of the iPSC-derived Pitx3 GFP/ϩ mdDA neurons in relation to the untreated (only FGF8b-treated) and the endogenous (in vivo differentiated) E13.5/E14.5 Pitx3 GFP/ϩ mdDA neurons, we performed a microarray-based gene expression profiling of these cells. For this purpose, we took advantage of their endogenous expression of enhanced GFP (eGFP) under the control of the Pitx3 promoter and feasibility for direct FACS (Zhao et al., 2004; Pertek et al., 2014 and data not shown; Fig. 7A ). Heat map comparison of five independent differentiation experiments showed that the expression of 460 probe sets corresponding to 422 distinct genes was consistently ( p Ͻ 0.05) upregulated or downregulated in the DKK3 ϩ WNT1-treated compared with the untreated iPSC-derived Pitx3 GFP/ϩ mdDA neurons (Fig. 7B) . GO term enrichment analyses of these differentially regulated genes revealed the overrepresentation of GO terms such as developmental/metabolic processes, cell differentiation, and cell migration (Fig. 7C) . However, hierarchical clustering analysis showed that the primary Pitx3 GFP/ϩ mdDA neurons isolated from the E13.5 and E14.5 VM formed a distinct group from the iPSC-derived Pitx3 GFP/ϩ mdDA neurons (Fig.  6D) . A closer inspection of selected mdDA progenitor-and neuron-specific genes in these groups revealed that some genes expressed in PSCs and implicated in neural induction and/or mdDA neurogenesis [such as Tgfb3, Sox2, and Tgfb1, (Oshimori and Fuchs, 2012; Sarkar and Hochedlinger, 2013; Hegarty et al., 2014) ] were upregulated, whereas the majority of genes transcribed in maturing mdDA neurons [including Th, Nr4a2, En1, Drd2, Lmx1a/b, Slc6a3, Pitx3, Calb1, and Kcnj6, (Smidt and Burbach, 2007; Hegarty et al., 2013) ] were expressed at lower levels in the iPSC-derived compared with the primary Pitx3 GFP/ϩ mdDA neurons (Fig. 7E) . Notably, some midbrain FP and mdDA progenitor marker genes [such as Corin, Ascl1, and Foxp1 (Kele et al., 2006; Ono et al., 2007; Konstantoulas et al., 2010) ] were expressed at similar levels in primary and iPSC-derived mdDA neurons (Fig. 7E ). There was little or no variation in the transcript levels of these genes between the DKK3 ϩ WNT1-treated and untreated iPSC-derived Pitx3 GFP/ϩ mdDA neurons relative to their in vivo counterparts (Fig. 7E) . Moreover, the global transcriptome profiling of the DKK3 ϩ WNT1-treated versus untreated iPSC-derived Pitx3 GFP/ϩ mdDA neurons did not reveal any significant ( p Ͻ 0.05) changes between both treatments in the expression levels of selected genes associated with WNT/␤-catenin signaling and mdDA neuron development in vivo, except for Sox17, Sox10, Wnt4, Fzd2, and Sfrp4, which were significantly downregulated in the DKK3 ϩ WNT1-treated cells (data not shown). These data showed that the DKK3 ϩ WNT1 treatment had clear effects on the global gene expression profile of the in vitro-differentiated (iPSC-derived) mdDA neurons, but PSCspecific and especially mdDA-specific transcript levels in these cells appeared to be influenced by their derivation from reprogrammed MEFs (Roessler et al., 2014) .
WNT/␤-catenin factor treatment promotes a rostrolateral (SNc) DA and suppresses a caudomedial (VTA) DA neuronal fate in differentiating PSCs in vitro The selective requirement of DKK3 for the correct differentiation of a rostrolateral (PBP and dorsomedial SNc) mdDA neuron subset in vivo suggested that WNT/␤-catenin factor treatment of differentiating PSCs might also promote the generation of this particular mdDA neuron subtype in vitro. Because of the lack of a specific and restricted marker for this mdDA neuronal subtype, we used CALB1 (also known as CalbindinD28K), a calciumbinding protein confined mostly to PITX3
Ϫ VTA and dorsomedial SNc DA neurons (Liang et al., 1996; Fu et al., 2012; Luk et al., 2013) , and KCND3 (also known as Kv4.3), an A-type potassium channel subunit expressed in mature SNc DA neurons (Serô dio and Rudy, 1998; Liss et al., 2001 ) to discriminate at least between these two neuronal subsets among the in vitro-differentiated (iPSC-derived) mdDA neurons. The treatment of differentiating Pitx3 GFP/ϩ iPSC tf s with CHIR99, DKK3, and/or WNT1 led to a significant decrease (by ϳ51%) of the proportion of TH ϩ neurons coexpressing CALB1 (Fig. 8 A, B,F ) and a significant increase (by ϳ39%) of the proportion of TH ϩ neurons coexpressing KCND3 (Fig. 8 A, C,G) . Although the majority of the TH ϩ iPSCderived Pitx3 GFP/ϩ mdDA neurons also expressed the DAT (also known as SLC6A3; Fig. 8D ), only a subset of these cells coexpressed the G-protein-activated inwardly rectifying potassium channel GIRK2 (also known as KCNJ6; Fig. 8E ), which is detected in SNc and VTA DA neurons Reyes et al., 2012) . Altogether, our data indicated that WNT/␤-catenin factor treatment of differentiating mouse PSCs indeed promoted, at least at the molecular level, a PITX3 ϩ /CALB1 Ϫ /KCND3 ϩ /DAT ϩ identity (dorsomedial SNc and dorsolateral VTA) and suppressed a PITX3 Ϫ /CALB1 ϩ /KCND3 Ϫ /DAT Ϫ identity [central and ventromedial VTA (Di Salvio et al., 2010a,b) ] of the generated mdDA neurons.
The previous results prompted us to determine the amount of mdDA neurons expressing TH alone or together with CALB1 in the E18.5 Dkk3 Ϫ/Ϫ brain. The numbers of TH ϩ /CALB1 Ϫ single- positive cells were increased significantly, whereas TH ϩ / CALB1 ϩ double-positive cells were decreased significantly, in the rostrolateral (SNc) but not caudomedial (VTA) domain of the mutant VM at E18.5 (Fig. 8H-N : 13, 14, 15, 16, and 19) . B, C, Heat map (B) and GO term analysis (C) of differentially regulated genes in the DKK3 ϩ WNT1-treated iPSC-derived Pitx3 GFP/ϩ mdDA neurons (Con3) relative to the untreated cells (Con5) (red, upregulated; blue, downregulated genes). D, Hierarchical clustering analysis of the global gene expression profiles of E13.5/E14.5 primary and DKK3 ϩ WNT1-treated (Con3) or untreated (Con5) iPSC-derived Pitx3 GFP/ϩ mdDA neurons. Clustering was done with the R script hclust on probe sets with an average expression value Ͼ50 in at least one of the four groups. The ordinate in the hierarchical cluster dendrogram indicates the distance of samples. E, Expression levels of selected mdDA progenitor-or mdDA neuron-specific genes in DKK3 ϩ WNT1-treated (Con3) and untreated (Con5) iPSC-derived Pitx3 GFP/ϩ mdDA neurons, as well as their E13.5/E14.5 in vivo counterparts. Average ratios shown are Con3 (DKK3 ϩ WNT1-treated) versus E13.5 Pitx3 GFP/ϩ mdDA neurons.
Discussion
We show that the secreted glycoprotein DKK3 was necessary and sufficient for the correct differentiation of an mdDA precursor subset into TH-, LMX1A-, and PITX3-expressing rostrolateral (PBP and dorsomedial SNc) mdDA neurons and their subsequent maintenance in the murine VM in vivo and primary VM cell cultures in vitro. We also show that the combined treatment of differentiating murine PSCs with DKK3 and WNT1 promoted their differentiation into mdDA neurons with molecular SNc DA neuron characteristics, indicating that DKK3 is an important factor for the in vivo and in vitro generation of these neurons. The onset of Dkk3 transcription in the E11.5 mouse VM coincided with the extinction of Dkk1 and Dkk2 expression in this region of the brain (Monaghan et al., 1999; Ribeiro et al., 2011). DKK1 and DKK2 are known inhibitors of WNT/␤-catenin signaling , whereas DKK3 appears to modulate both positively and negatively this signaling pathway (Nakamura et al., 2007; Nakamura and Hackam, 2010; Das et al., 2013; Xiang et al., 2013) . The sharp transition from Dkk1/2 to Dkk3 expression in the murine VM might thus mark the transition from an inactive to active WNT/␤-catenin signal transduction in neural progenitors and precursors located within the midbrain FP (Joksimovic et al., 2009 ). The onset of Dkk3 expression in the midbrain FP also coincided with the peak of mdDA neurogenesis between E10 and E11 in the mouse (Bayer et al., 1995; Bye et al., 2012) and suggested a requirement of DKK3 for the generation of these neurons. Despite its expression throughout the midbrain FP, Dkk3 was required only for the correct differentiation of a rostrolateral (PBP and dorsomedial SNc) mdDA neuronal subpopulation. Therefore, the responsiveness to DKK3 appears to be somehow restricted to the corresponding mdDA progenitor/precursor subset. The early loss of Lmx1b and concomitantly of Wnt1 expression in the mesencephalic lateral FP selectively affects mdDA neurogenesis from this lateral mdDA progenitor domain (Deng et al., 2011) , suggesting that the restricted availability of the WNT1 ligand and of some of its downstream signaling effectors within this domain might be one limiting factor. DKK3 was required specifically for the acquisition of PITX3 expression by a TH ϩ mdDA precursor subset during early mdDA neurogenesis (at E12.5; Fig. 9B ) and for the later maintenance of PITX3, LMX1A, and TH expression in a rostrolateral (PBP and dorsomedial SNc) mdDA neuronal subset (at E14.5-E18.5; Fig.  9C,D) . This effect was also recapitulated in WT and Dkk3 Ϫ/Ϫ primary VM cells treated with DKK3 or BSA proteins in vitro. Although the overexpression of WNT1 in differentiating mouse ESCs induces the expression of Pitx3, this HD TF gene does not appear to be a direct target of WNT/␤-catenin signaling (Chung et al., 2009 ). WNT1 overexpression strongly induces the expression of Lmx1a, and the LMX1A HD TF, in turn, appears to activate the transcription of Pitx3 in mouse ESCs (Chung et al., 2009 ). The Dkk3 Ϫ/Ϫ embryos exhibited a similar defect in the acquisition of LMX1A expression by a TH ϩ mdDA precursor subset as detected for PITX3, and DKK3 treatment of primary VM cells derived from WT or Dkk3 Ϫ/Ϫ embryos significantly increased or rescued, respectively, the transcription of Lmx1a in these cells. Therefore, the defective differentiation of an mdDA precursor subset in the Dkk3 Ϫ/Ϫ embryos was very likely to be caused by their inability to induce and/or maintain the transcription of Lmx1a and consequently of Pitx3. Notably, the expression of LMX1B was not altered in the Dkk3 Ϫ/Ϫ embryos or DKK3-treated VM cells, thus confirming previous evidence that Lmx1b is not a direct target of WNT1/␤-catenin signaling (Chung et al., 2009; Joksimovic et al., 2009) , and LMX1B alone is not sufficient for proper mdDA neuron differentiation (Yan et al., 2011) .
The lack of Dkk3 in the murine VM or the treatment of primary VM cells with DKK3 protein did not affect the proliferation of LMX1A ϩ mdDA and other VM neural progenitors or the initial generation of postmitotic LMX1A ϩ mdDA precursors (at E11.5; Fig. 9A ), indicating that DKK3 had an exclusive prodifferentiation function in developing mdDA precursors. Although the apoptotic death of TH ϩ mdDA neurons and other VM cells did not appear to be altered in the absence of Dkk3, the treatment with DKK3 protein promoted the survival of primary VM cells in vitro. The loss of TH ϩ rostrolateral (PBP and dorsomedial SNc) mdDA neurons in the late gestational
Dkk3
Ϫ/Ϫ embryos (at E18.5; Fig. 9D ) might be an indirect consequence of the lack of PITX3 expression in these cells, because PITX3 is required for the transcription of Bdnf and the retinoic acid-synthesizing and DA metabolizing enzyme Aldh1a1 (aldehyde dehydrogenase family 1, subfamily A1) in embryos, depicting the phenotypic defects of the mutant embryos. A, Initially, at E11.5, the development of proliferating (EdU ϩ ) mdDA progenitors and postmitotic (EdU Ϫ ) precursors expressing LMX1A (LMX1A ϩ ) proceeded normally in the Dkk3 Ϫ/Ϫ embryos. B, At E12.5, the first defects became apparent in the mutant embryos: the numbers of TH 
